Bi2FeCrO6 double-perovskite is a multiferroic semiconductor with ferromagnetic and ferroelectric properties that allows a variety of applications including optoelectronic and photovoltaic applications. An analysis focusing on the potential for solar cells is carried out starting from first-principles. The optoelectronic properties are characterized by two threshold spin gaps. Using the absorption coefficients from first-principles, the efficiencies are evaluated for several sunlight spectra, light concentrations and the usual radiative and ferroelectric photovoltaic mechanisms. The results indicate a huge potential as an absorber of the solar spectrum.
Introduction.

Multiferroic materials have potential applications in spintronics, optoelectronics
and recently in photovoltaics [1, 2] . The ferroelectricity and ferromagnetism can hardly coexist in the same material. Therefore these multiferroic materials are very rare. For ferroelectricity and magnetism to coexist, the atoms responsible for the ferroelectric (FE) polarization should be different from those that carry the magnetic moment (i.e., magnetization).
On the other hand, because of the wide bandgap of FE materials, the sunlight absorption is poor making them unsuitable for photovoltaic (PV) applications. Thus, to 2 obtain solar cells with greater efficiency, it is necessary to reduce the bandgap without affecting the FE properties. Because of its relatively low bandgap (~2.6 eV) compared with others FE materials BiFeO3 (BFO) has been largely researched for PV applications. However, their bandgap is larger than the optimum value for obtaining the maximum efficiency (~41 % at Eg=1.1 eV and at the highest sunlight concentration = 46200 sun, where 1 sun = 1 kW/m 2, and ~31 % at Eg=1.3 eV for 1 sun) [3] [4] [5] [6] .
Therefore, additional chemical modification of the transition metal in the perovskite octahedra sites of the BFO structure is necessary to allow the bandgap to be lowered without affecting ferroelectricity. Additionally, the stereochemical activity of Bi can be exploited to induce structural distortions with the goal of forming multiferroic materials, which can be done using double perovskites A2M'MX6, a group of materials derived from the perovskite structure (AMX3). In the case of the oxide (X=O), the M and M' cations are octahedrally coordinated by oxygen. The introduction of A ions lead indirectly to a structural modification of the MO6 and M'O6 octahedral. This provides a mechanism for modifying the electronic structure through the use of A ions.
Multiferroic Bi2FeCrO6 (BFCO), with a double perovskite structure, and with FE and magnetic properties, was predicted theoretically from first-principles calculations [7] and later synthesized experimentally [8, 9] . In BFCO, ferroelectricity is due to the 6s 2 lone pair on Bi 3+ ions at A sites, a well-established mechanism in other multiferroics, such as BiMnO3 [10] and BFO, [11] while magnetism is introduced via ferromagnetic behavior. The coupling between neighboring chromium (Cr) and iron (Fe) magnetic moments is robustly antiferromagnetic, and the difference between their magnetizations yields a net magnetization for BFCO.
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BFCO has been studied for applications in solar energy conversion because of their efficient FE polarization and above-bandgap generated photovoltages [2] , which in principle can lead to high energy conversion efficiencies beyond the maximum value reported in traditional solar cells. However, the efficiencies reported so far are still low.
After polarization was positively oriented to maximize the FE driving force a PV power conversion efficiency of about 8.1 % under AM1.5G illumination spectra [12] was achieved [9] , and with short circuit current density Jsc = 20.6 mA cm [13, 14] . This is the reason for the low solar energy conversion efficiency.
Despite the promising properties, the real potential of semiconducting FE perovskites in PV applications is far from being fulfilled. The main experimental and theoretical research activities focus on exploring the origin of the observed FE-PV properties. However, despite experimental and theoretical research activities, there is little analysis focusing on the coexistence of the usual radiative-PV and FE-PV effects in FE semiconductors. Further applications of these materials require a detailed understanding of their electronic and optical properties. First-principles calculations are an important and powerful complementary tool, allowing these basic properties, which are hardly accessible by experiments, to be obtained and quantified. Therefore we examine the electronic and optical properties using first-principles techniques. From these results the possible application in solar energy conversion is analyzed. 4 
Methodology
In order to obtain the electronic properties, we use first principles within the density functional formalism [15, 16] but with a further extension including an orbitaldependent, one-electron potential (DFT+U method) [17] to account explicitly for the Coulomb repulsions not dealt with adequately in standard DFT approaches. The DFT+U results depend on the U value, on the orbital subspace in which U is applied, on the orbital occupation numbers, and on the implementation chosen [17] [18] [19] [20] [21] . In this work we use the DFT+U formalism described in references [18, 19] with the generalized gradient approximation from Perdew, Burke and Ernzerhof [22] for the exchangecorrelation potential, i.e. GGA+U. The pseudopotentials adopted are standard TroullierMartins [23] expressed in the Kleinman-Bylander [24] factorized form. A numerically localized pseudoatomic orbital basis set [25] is used for the valence wave functions. The structure with R3 symmetry (space group 146), periodic boundary conditions, spin polarization, double-zeta with polarization localized basis sets, U=10 eV, and 256 special k points in the irreducible Brillouin zone have been used in all results presented in this work.
The optical properties have been obtained on the independent-particle approximation from the complex dielectric function
using the Kramers-Kronig relationships. Here 
Electronic properties
The BFCO has rhombohedral structure with R3 symmetry (space group 146) with a lattice parameter a=5.47 Å and an angle α=60.09 o [7] . The ground-state structure is ferrimagnetic with a magnetization of 2 µB per formula unit [7] [8] [9] . 
Absorption coefficient
The experimental optical absorption spectra of BFCO films [9] suggest the presence of two threshold gaps because of the peak structures between 1.5-2.7 eV, and a minimum of (αE) 2 between 2.1-2.4 eV, which is in accordance with our optical absorption results in Figure 1 . In this figure the absorption coefficient has been split for each spin component in panels (a) and (b).
In order to evaluate the contributions to the absorption coefficient, we have split α into angular momentum contributions as: 
Efficiencies
Using the energy gap as a criterion, and considering only the traditional radiative (R-PV) effect, the efficiency of the BFCO single-gap semiconductor should be high since the energy gap is closer to the optimum for a single gap solar cell (~ 41% at Eg ~ 1.1 eV, and at the highest sunlight concentration fC =46200 sun, where 1 sun=1 KW/m 2 ) [3] [4] [5] [6] . The efficiencies depend on the spectrum used and the spectral intensity modeled with the concentration factor fC.
In order to estimate the potentiality of BFCO as a solar-cell device, we have obtained the maximum efficiency. We have assumed the usual approximations [3] [4] [5] [6] , except that the cell absorbs all incident photons above the bandgap. It implicitly implies that the absorption coefficients are a step function (0 for E < Eg and a constant for E ≥ Eg, where Eg is the energy semiconductor bandgap). With this approximation the efficiency is determined mainly by the band-gap energy. However, the absorption depends on the absorption coefficient. For this reason we have used the absorption coefficients obtained from first principles instead of step functions. Because of this, the efficiencies depend additionally on the thickness w of the device. This fact is relevant in nano-electronic devices. In Figure 3 the efficiencies using the spectrum of a 5760 K blackbody reduced by the factor 46200 (BB), and the AM1.5G illumination spectra [12] are shown, both with and without light concentration. In addition to the overall efficiency, the efficiencies for each spin channel are also shown. From the figure, solar cell devices based on BFCO, a few microns thick, could reach efficiencies close to the maximum efficiencies (~31 % at Eg ~ 1.3 eV for the BB spectrum, and ~33 % at Eg ~ 1.4 eV for the AM1.5G spectrum) [3] [4] . It shows the huge potentiality of these materials as solar cell absorbers of the solar spectrum. When non-ideal conditions are considered the efficiencies are lower. But these maximum efficiencies enable an evaluation whether the material has the appropriate properties for absorbing solar radiation: if the maximum efficiencies are small the absorbent material is not suitable for solar cells.
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So far we have only considered the R-PV effect. Multiferroic films, like the BFCO, are being studied for applications in solar energy conversion because of their FE polarization-driven carrier separation and above-bandgap generated photovoltages because of the bulk PV effect (FE-PV) [13, 14] .
Under AM1.5G illumination spectra [12] ) and a photovoltage of 1.1 V [28] .
With the R-PV effect, the maximum efficiency, and the related voltages and currents, under AM1.5G illumination spectra for a bandgap Eg=1.5 eV are ~32 %, ~1.13 V and ~28 mA.cm -2 respectively. This limit is closer to maximum (~33 % at an If the two mechanism coexist, the maximum voltage will be limited by Eg=1.5
eV. As the maximum current remains the same (28 mA.cm -2 ) the efficiency will increase to ~ 43 % with R=0 (35 % with R=0.2). This limit corresponds to suppressing the emitted current completely. This current is due to that part of the absorbed photons, which produce a current Ja, are emitted from the solar cell because of the radiative recombination of the R-PV effect. Therefore the current Je associated with these emitted photons do not contribute to the total current J, i.e. J= Ja -Je. The evolution of the maximum efficiencies and voltages at a Eg=1.5 eV with the decrease of the emitted current: J(β)= Ja -(1-β)Je, where β represents the degree of removal of Je is shown in Figure 4 . When β increase from 0 (without removing Je) to 1 (the total elimination of Je)
there is an almost perfect correlation between the maximum efficiencies and the voltages. It indicates that the increase in efficiency is mainly due to the increase in the output voltage.
Additionally, with the R-PV effect, the efficiency can be increased using multi- In order to estimate the potentiality of these materials as multi-gap solar-cell devices, we have obtained the maximum efficiency using a generalized multi-gap model [3] [4] [5] [6] . From the results, the limiting BFCO efficiencies under AM1.5G illumination spectra with R=0 are (3b)=41.21 % (J=45 mA.cm , V=1.13 10 V) and are closer to the limit ~ 43 % when the two mechanism, R-PV and FE-FV, coexist.
Conclusions.
The potential of multiferroic (ferrimagnetic+FE) BFCO double-perovskite for PV applications has been evaluated. To achieve this objective we have obtained the electronic and optical properties using GGA+U first-principles density-functional theory. The two different gaps for the spin-up and spin-down components are in accordance with the experimental optical absorption spectra and their interpretation with two threshold gaps. With a generalized radiative multi-gap model that makes use of the absorption coefficients from first-principles, the maximum efficiencies are evaluated for several spectra and light concentrations. Efficiencies close to the maximum could be reached with these materials just a few microns thick. In addition to the traditional R-PV effect, the FE-PV effect has also been considered. With the coexistence of the two PV effects the application to solar cells improves slightly. These high expectations would be even higher if intermediate bands could be inserted into BFCO bandgap resulting in a multi-gap semiconductor. 
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